A retrovirus-derived vector called self-inactivating (SIN) vector was designed for the transduction of whole genes into mammalian cells.
includes sequences encoding the enhancer and promoter functions. When viruses clprived from such vectors were used to infect NIH 3T3 cells, the deletion was transferred to the 5' LTR, resulting in the transcriptional inactivation of the provirus in the infected cell. Introduction of a hybrid gene (human metallothionein-promoted c-fos) into cells via a SIN vector was not associated with rearrangements and led to the formation of an authentic mRNA transcript, which in some cases was induced by cadmium. SIN vectors should be particularly useful in gene transfer experiments designed to study the regulated expression of genes in mammalian cells. Absence of enhancer and promoter sequences in both LTRs of the integrated provirus should also minimize the possibility of activating cellular oncogenes and may provide a safer alternative to be used in human gene therapy.
Retroviruses are now being used as an efficient delivery system for transferring genes into tissue culture cells (1) (2) (3) (4) (5) (6) and into intact animals (7) (8) (9) (10) (11) . Replication of retroviruses is dependent on an efficient process unique to this group of viruses. This process involves the insertion of the viral genome into the chromosome of the infected cell, from which the viral genes are constitutively expressed, in most cases without measurable effect on the viability of the (15) , and single colonies were isolated by selection with G418 (1 mg/ml) (16, 17) , and expanded to cell lines, and 1.0 ml ofthe supernatant containing i04 colony-forming units of neor-expressing viruses per ml was used to infect 1.0-2.0 x 105 NIH 3T3 cells. Productively infected cells were isolated in selective medium.
Southern Blotting. Genomic DNA was isolated, digested with Nhe I, subjected to electrophoresis in 1% agarose gels (18) , blotted to Biodyne A paper, and hybridized with a 32P-labeled probe. Each DNA preparation was derived from NIH 3T3 cells infected with a virus preparation originated from an independently transfected 42 cell. RNA Blotting. RNA was isolated from NIH 3T3-infected cells using 0.1% Nonidet P-40 in 10 mM TrinsHCl, pH 7.5/0.2 M NaCl/5 mM MgCl2, and nuclei were removed by centrifugation at' 1000 X g for 5 min. NaDodSO4 was added to the supernatant, extracted four times with phenol/chloroform (1:1) and twice with chloroform, and precipitated with ethanol. Poly(A)-containing cytoplasmic RNA was isolated by oligo(dT) cellulose chromatography and electrophoresed in 1% formaldehyde/agarose' gels (19) , transferred to Biodyne A paper, and hybridized with a 32P-labeled probe.
RESULTS
Structure of the SIN Vectors. The principle underlying the structure and function of the SIN vectors is illustrated in Fig.  1 . The integrated retroviral genome, called a provirus, is bound by two LTRs, which are composed of three regions: U3, R, and U5. The U3 sequence is present in the 3' end, R is on both ends, and U5 is at the 5' end of the viral RNA (Fig.  LA) . The integrated proviral genome is transcribed from LTR to LTR: the 5' end of the viral RNA corresponds to the 5' end of the R region and the 3' end of the viral RNA, which is polyadenylylated, corresponds to the 3' end of the R region at the other end of the genome (Fig. lA) . The enhancer and promoter sequences are encoded within the U3 region of the two viral LTRs. However, they function only when present in the 5 The 299-bp deleted segment includes most of the two 72-bp repeats associated with the viral enhancer and the presumptive promoter region, which contains the canonical "CAAT" box (20, 21) . E, enhancer; P, promoter; dLTR, LTR containing the deletion shown in C.
of a provirus serves as a template for the formation of both U3 regions in the progeny proyirus (12) . Therefore, as shown in Fig. 1B , a deletion in the U3 region of the 3' LTR (encompassing the enhancer and promoter sequences) will be transferred to both LTRs in the progeny provirus, provided that the deleted sequences do not encode other essential functions-i.e., functions involved in replication or polyadenylylation. As a consequence of the removal of the enhancer and promoter sequences from both the 5' and 3' LTR in the progeny provirus, the viral transcriptional unit is eliminated. The deletion that we have introduced in the U3 region of the Moloney murine leukemia virus (Mo-MuLV) 3' LTR, which extends from a Pvu II site to a Sac I site, is shown in Fig. 1C . This deletion of299 base pairs (bp) removes most of the two 72-bp repeats, which contain enhancer activity as well as the promoter region (20, 21) , but leaves behind the TATA box.
The structure of a prototype SIN vector derived from Mo-MuLV carrying the deletion in the 3' LTR is shown in Fig. 2 enhancer and promoter sequences have been removed (Fig.  1) . Indeed, when virus derived from a SIN vector in which the neor-gene expressed from the viral LTR was used to infect NIH 3T3 cells, the neor-gene was not expressed and no G418-resistant cells could be isolated (data not shown).
A number of different SIN vectors with internally promoted selectable genes were constructed. Two such vectors shown in Fig. 2 (14) . The RNA transcribed from the transfected DNA constructs is packaged into retrovirus virions and is secreted into the medium. The hybrid virus generated from the vectors shown in Fig. 2 was used to infect NIH 3T3 cells, and cells expressing the neor gene were selected in medium containing G418 (1 mg/ml) (16, 17) . The titer of neor-containing viruses was determined by infection of NIH 3T3 cells with serial dilutions of the medium obtained from independently isolated transfected colonies. For each vector construct, the titer from six to eight transfected colonies was determined. In all cases, the highest titers of the hybrid viruses were similar, ranging from 2 x 104 to 1.0 x 105 colony-forming units/ml. In all subsequent experiments described in this paper, the virus preparation used to infect the cells originated from an independently transfected colony.
Biochemical Analysis of Cells Infected with SIN Vectors. The structure and transcriptional activity of SIN vectors in the infected cells was characterized. NIH 3T3 cells (2 x 105) were infected with undiluted virus at 0.01-0.1 colony-forming units per cell and were grown for 2-3 weeks under selective conditions in the presence of G418. Under these conditions, the majority of the infected cells will contain one copy of the provirus (data not shown). The structure of the provirus integrated in the chromosome of the infected cells was determined by Southern blot restriction analysis (18) . The purpose of this analysis was to determine whether the deletion present in the 3 (Fig. 2) . If the 299-bp deletion present in the 3' LTR of MT-N or SV-N is transferred to the 5' LTR of the integrated provirus, the Nhe I fragment in the infected cells will be 299 bp shorter. This is indeed the case in all three virus preparations derived from SV-N and in one of three virus preparations obtained from MT-N (Fig. 2) , as well as from two virus preparations obtained from F-TK-N (see Fig. 4B ).
Digestion with Tth III-I was used to confirm that the 3' LTR of the integrated proviruses does not differ from the original vectors and still contains the original deletion (data not shown).
The DNA structure of proviruses originating from the two virus preparations M-2 and M-3 ( Fig. 2) differs from the predicted structure. In addition to the expected band, a second slower-migrating band is seen, similar in size to the original MT-N DNA construct. The virus preparations derived from the transfected 4'2 cells and used to infect NIH 3T3 cells generating the cell lines S1, S2, S3, and Ml shown in Fig.  2 always gave rise to the same proviral structure upon subsequent infection of NIH 3T3 cells. This suggests that the rearranged viruses (M-2, M-3) arose through recombination during transfection, and, as indicated in Fig. 3 , regenerated a functional 5' LTR. Therefore, in using SIN vectors, several independently transfected colonies should be isolated and expanded to cell lines, and the structure of proviruses can be determined by DNA blotting as shown in Fig. 2 . Virusproducing cell lines that generate unrearranged virus (e.g., virus preparations used to infect NIH 3T3 cells in Fig. 2 ; S1, LTR. When the deletion in the 3' LTR is transferred to the 5' LTR in the integrated proviruses, the LTR-driven transcriptional unit should be eliminated and, if so, the infected cells will contain only one transcript initiated from the internal promoter. As shown in Fig. 3 titer of the three virus preparations was -103 colony-forming units/ml, 1/10th the titer of the parent vector TK-N. The structure of the proviral DNA in two cell lines generated with two different virus preparations was analyzed by Southern restriction analysis as shown in Fig. 4B . This analysis has shown that the provirus in the infected cells is intact and that the deletion from the 3' LTR was transferred to the 5' LTR, as stated above. Analysis of cytoplasmic RNA in the infected cells by RNA blotting and hybridization with a c-fos-speciftic probe, as shown in Fig. 4C , reveals the presence of only one RNA transcript. This RNA species comigrates with the 2300-nucleotide-long authentic c-fos mRNA present in cells transfected with the hMT-c-fos DNA construct alone (Fig.   4C , Ko). No readthrough transcripts, -7500 nucleotides long extending from LTR to LTR (see Fig. 4A ), can be seen. Expression of the hMT-c-fos gene is induced by cadmium in cells transfected with the hybrid DNA construct (ref. 25 ; Fig.   4C , K.). Expression ofthe same hMT-c-fos transcript in cells infected with virus derived from F-TK-N is also inducible by cadmium (Fig. 4C) . In cell line 3, the extent of cadmium induction is similar to the cell line transfected with the hMT-c-fos gene alone (Fig. 4C , KO) and in cell lines 1 and 2, the extent of induction is lower. The development of useful retrovirus-derived vectors for the transduction of whole genes has been plagued by several problems. In many cases, it was shown that the infected cells selected for the expression of the selectable gene contained rearranged proviruses from which large portions of the transduced gene had been deleted (26) (27) (28) . It is possible that the instability of these vectors stems from the fact that a whole gene is inserted within the retroviral genome resulting in unfavorable interactions between the two transcription units. Another disturbing aspect of retroviral-based gene transfer systems is the presence of two functional LTRs, resulting in an RNA transcript extending through the transduced gene. This, as well as the presence of enhancer sequences within the LTRs, is likely to influence the overall levels and the regulated expression of the transduced gene.
In the SIN vectors described in this study, the deletion of 299 bp removes most of the two 72-bp repeats that constitute the viral enhancer and the promoter region but leaves the TATA box intact (20, 21) . In the design of the SIN vectors, we were careful not to remove all U3 sequences up to the 3' end of the R region because it was suggested (29, 30) that this region may be involved in the polyadenylylation process. On the other hand, removal of only the enhancer region-for example, by a deletion of a Pvu II/Xba I fragment (Fig. 1)- may not suffice because it is reasonable to expect that in many cases the internal promoters carrying their own enhancers will activate the enhancerless LTR. In fact, it is possible that the low level of LTR-driven transcription seen in Fig. 3 (0.1-1% ) is due to such an effect mediated by the SV40 enhancer, while the apparent absence of such LTR transcription in the MT-containing proviruses may be due to the lower efficiency of the enhancer activity associated with this promoter. It is also possible that the low level of transcription originating from the viral LTR seen in Fig. 3 occurs due to recombination in the process of infection, (Fig. 4) . The regulated synthesis of the authentic c-fos RNA transcripts in the infected cells (Fig. 4C) as well as the analysis of the proviral structure (Fig. 4B) Fig. 4 ) has to be demonstrated before the general utility of these vectors can be established.
Retrovirus vectors are currently being used to design somatic cell human gene therapy procedures (13) using bone marrow cells as the target cells for infection (refs. 7-11; unpublished results). One of the safety concerns associated with this procedure is the potential activation of cellular oncogenes through the enhancer and promoter sequences encoded in the viral LTRs. By using SIN vectors, the viral enhancer and promoter sequences will be lost from both LTRs in the infected cell, thus reducing the possibility of activating adjacent cellular oncogenes.
